We present the fabrication and electromechanical characterization of a class of polymeric high-elongation strain sensors. Samples of polydimethylsiloxane were coated with Creative Materials, Inc.'s 123-27 Electrically Conductive Silicone Ink and the resistance behavior was evaluated in uniaxial tensile tests. Large strains (up to 100%) were observed with monotonically increasing resistance changes. A clear, linear trend up to 65% strain dominated the resistance vs. strain behavior then resistance increased non-linearly. Image processing of the film coupled with a finite element conduction simulation indicate the change in resistance is primarily a geometric effect. Both the conduction path and the polydimethylsiloxane substrate break completely around 100% strain. The samples exhibit a gauge factor of approximately 10.
INTRODUCTION
Conventional strain gauges are intended to measure small strains (<2% elongation) [1] . Emerging strain measurement applications -particularly for polymers or soft tissues -will require high-elongation, biocompatible strain sensors. Many biological tissues are capable of strains up to 100%, so conventional thin-film strain sensors are not suitable for in-situ biological applications -due to low elongation large mechanical compliance. This study seeks to characterize high-elongation, strain-sensitive polymer composites, with the aim of understanding the mechanical behavior of these systems and further developing compliant sensor systems.
Silicone-based carbon filled conductive ink was applied and tested as a conducting layer on a PDMS (polydimethylsiloxane) substrate. Current work in force-sensing resistors [2] exploits strain-sensitivity in carbon-loaded PDMS, but formal characterization of the material's electromechanical properties has not been reported. This study seeks to characterize conductormodified PDMS composites, enabling development of new strain sensors.
DEVICE DESIGN AND MATERIALS
Two different processes were employed in the fabrication of devices under test. One process was oriented toward accurate characterization of strain sensitivity; the other process was intended to demonstrate a device for annular blood vessel strain measurements.
The first process employed a mold of machinable wax with a dogbone-shaped cavity as shown in Figure 1 . The geometry of the specimen complied with ASTM D638, the standard for thin polymer tensile testing. The specimen has gauge length of 12.7mm, width of 2.16mm, and overall length of 38.1mm. Dow Corning Sylgard 184, mixed 10:1 by mass and degassed in a belljar connected to lab vacuum, was injected into the cavity of the mold using a syringe and allowed to cure at 25ºC for 48 hours.
Once the PDMS dogbone substrate had cured, conductive ink coatings were applied. A layer of .05 mL of Creative Materials, Inc. 123-27 Electrically Conductive Silicone Ink was applied to the PDMS using a pipette. Surface tension governed film thickness and allowed for uniform deposition of ink (95µm ±15µm) across the substrate. The second fabrication process ( Figure 3 ) employed conventional cleanroom-based fabrication techniques. Using L-Edit layout software, a mask with the desired device planview geometry was designed. The mask design was printed on high-resolution transparency (Art Net Pro, San Jose, CA) and fixtured to a glass mask plate.
Microchem's SU-8 2000 was poured on a glass wafer and spun at 500 RPM for 5 seconds and at 2000 RPM for 30 seconds to reach a thickness of 140 µm. The SU-8 was cured by prebaking at 65°C for 5 min and soft-baking at 80°C for 35 min, and then exposing with the transparency mask. It was then developed (SU-8 developer, Microchem). Once developed, the SU-8 forms a mold for the PDMS. PDMS was mixed 10:1 by mass and degassed. Using a razorblade, PDMS was squeegeed into the mold cavity. Once cured for 48 hours, the PDMS was squeegee coated with conductive ink and allowed to dry at 90°C for 10 minutes.
TESTING
Testing of the devices was carried out in three phases. In the first phase, a benchtop tensile testing machine (MTS Bionix 200, Figure 2 ) fitted with conductive grips was used to apply uniaxial strain to the specimens.
A Keithley 487 picoammeter/voltage source applied a voltage and measured the current through the sample as it was strained to failure at a constant rate. The ammeter was controlled with a LabVIEW datalogging program via GPIB. Data from the tensile tester (strain and force) as well as current and voltage data were synchronized and plotted.
Another component of the MTS tensile tests included hysteresis measurements on the samples. In this scheme, a specimen was strained constantly to 80% at a strain rate of 1.67%/second, then unloaded at the same strain rate. The second phase of testing ( Figure 4 ) focused on understanding electromechanical behavior of the composites. A model based on the 2-dimensional shape and thickness of the conducting region is compared to real experimental results. To investigating geometric contributions to the conduction change, the entire tensile setup was assembled under a microscope, with manual, micrometer-driven strain application instead of motorized actuation. The samples are strained in discrete increments and photographed. By using backside illumination -exploiting the fact that PDMS is transparent -it was possible to image the torn, fragmented shape of the conducting layer, thus allowing prediction of the resistance change stemming from geometric effects.
Images were captured from 0% to 100% strain in increments of 10%. Images from these increments were converted to black and white (threshold value of 40%) using the MATLAB Image Processing Toolbox. The Laplacian method of edge-finding was used to generate a bitmap of edges in the image. The bitmap was converted through the WinTopo Vectorization algorithm to a dxf image. The dxf file was imported into a FEMLAB Conductive DC Media model, where a theoretical geometrybased resistance model predicted the resistance of the conducting film (Figure 7) .
In the third phase of testing, devices made with the wafer-based process demonstrated the applicability of PDMS-conductor composites to strain measurement in blood vessels. In these tests, a 140µm thick rectangular device was wrapped around an expanding pressure vessel (as shown in Figure 9 ). The same Keithley 487 picoammeter setup was used to monitor the resistance of the sensor. A saline-filled latex balloon with a pressure-controlled feed simulated a blood vessel -the balloon has similar mechanical compliance to a blood vessel. The balloon provides a reasonable approximation to how the sensor might behave on a real blood vessel. 
RESULTS AND DISCUSSION
Data from tensile tests show that electrical resistance is monotonically correlated to strains approaching 100%, far beyond the capability of a conventional strain gauge ( Figure 5 ). Electromechanical behavior approaching 100% strain has been verified in 10 different devices of varying geometries.
The sensor response becomes nonlinear at high strains because the conducting film tears; the measured resistance increases faster than would be expected based on uniform geometric deformation. To determine the contribution of film tearing to the increased gauge factor of the samples, a conduction model of a typical film was developed in FEMLAB using 2-D images of the film at discrete strains. Image processing snapshots from tensile tests carried out under a microscope allowed the precise geometry of the conducting layer to be imported into FEMLAB. Figure 7 (left) shows typical images from the 70% strain case and its image conversion process. Figure 7 (right) is the resulting FEMLAB voltage gradient model for the 70% strain case (Vsource = 1V DC). Figure 6 shows the theoretical values (based on FEMLAB simulation of purely geometric effects) and experimentally observed values on the same axes. The initial value of theoretical resistance was normalized to the measured value in FEMLAB (7.5kΩ, which corresponds to a sheet resistance of 1250Ω/square in the 95µm films used).
The theoretical (purely geometrybased) model underpredicts the observed resistance by a factor of 5. However, due to limitations in the resolution of image analysis, this discrepancy is within a reasonable margin of error and suggests resistance changes are purely geometrydriven.
Hysteresis testing showed that the devices can be cycled to high strains repeatedly, with predictable behavior on both the loading and unloading portions of the cycle. Figure 8 shows three plots of strain vs. resistance, logged consecutively on the same sample. The differing starting resistance values is due to observed slippage in the grips (as evidenced by the small discontinuity on the plots around 60% strain, during the loading process). The maximum resistance value increases with each cycle. This increase is due to damage sustained in the film at high strains. Finally, we present the case of devices designed as annular blood vessel strain sensors. Tests performed on a pressurized vessel model (simulated by a length of latex balloon, as shown in Figure 9 on the right) showed that the electrical resistance varied monotonically with pressure over a range of human physiological blood pressures (~80-220 mm Hg). Strain could not be measured directly with the test setup available. As the sample is cycled, it returns closer to its starting value upon full relaxation. Strain rate was .416mm/second with V=12V.
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CONCLUSION
Reproducibility and monotonicity of the samples' electromechanical response shows promise for future improvement of sensor performance, particularly in applications requiring high strains and low compliance. The trend of resistance behavior is repeatable and the sensor is sufficiently robust to be strained to 100%, cycled, or clamped around an expanding vessel. Future work will include further characterizing surface conduction effects and encapsulating the conducting layer such that it can be immersed in solution.
